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Description 

BACKGROUND OF THE INVENTION 

This is a continuation-in-part of application Serial 
Number 08/526,525. filed September 11. 1995. entitled 
"SENSORLESS COMMUTATION POSITION DETEC- 
TION FOR BRUSH LESS MOTORS." the teachings of 
which are hereby expressly incorporated by reference. 

I. Field of the Invention 

The present invention relates generally to the field 
of detecting the position of a rotor within a polyphase 
brushtess motor. More particularly, the present inven- 
tion is directed to an apparatus and method for detect- 
ing the position of a rotor within a polyphase brushless 
motor based on the rate of change (dl/dT) of the current 
flowing within the active and/or non-active stator coils. 

II. Discussion of the Related Art 

Generally speaking, brushless motors include a 
rotor and a stator having a plurality of wound field coils. 
Brushtess motors have gained increasing popularity 
and enjoy a wide array of industrial applications due. in 
large part, to the fact that brushless motors are elec- 
tronically commutated. wherein solid-state switching 
replaces the brushes and segmented commutators of 
traditional permanent magnet DC motors. The elimina- 
tion of brushes simplifies motor maintenance as there 
are no brushes to be serviced or replaced. Further- 
more, noise reduction is effectuated because, without 
brushes, there is no arcing to create electromagnetic 
interference. The elimination of arcing also minimizes 
any explosion hazard in the presence of flammable or 
explosive mixtures. Thus, brushless motors are ideal for 
use in any setting where sensitive circuitry or hazardous 
conditions exist or are present. 

Brushless motors may be of the variable reluc- 
tance, permanent magnet, or hybrid type. Variable 
reluctance brushless motors are characterized by hav- 
ing an iron core rotor chase sequentially shifting mag- 
netic fields of the stator coils to attract the rotor into 
rotational motion. Permanent magnet brushless motors 
are characterized by having the sequentially energized 
field coils attract or repel a permanent magnet rotor into 
rotational motion. Hybrid brushless motors, such as 
stepper motors, are operated by a train of pulses so that 
their rotors move or are indexed over a carefully control- 
led fraction of a revolution each time they receive an 
input step pulse. This permits rotor movement to be 
controlled with high precision which can be translated 
into precise rotational or linear movement. 

To ensure proper rotational and linear movement in 
variable reluctance and permanent magnet brushless 
motors, it is essential to determine the position of the 
rotor with respect to the energized, or active, stator 



coils. By knowing this position, referred to as commuta- 
tion position, the stator coils can be energized in the 
appropriate sequence to create a revolving magnetic 
field in the motor to exert the desired rotational or linear 

5 torque on the rotor. Traditionally, commutation position 
is detected by employing one or more transducers 
within the particular brushless motor to sense the posi- 
tion of the rotor relative to the active stator coil or coils. 
However, the use of transducers to determine com- 

10 mutation position has several drawbacks. First, these 
sensors increase production costs due to the need for 
sophisticated positional adjustment and increased wir- 
ing. Moreover, the space required for commutation posi- 
tion sensors is also a significant disadvantage in that 

is valuable space is consumed within the motor housing. 
With an ever increasing premium on space and cost effi- 
ciency, several attempts have been made to create 
"sensorless" commutation position feedback systems to 
replace the need for commutation position sensors 

20 within brushless motors. 

U.S. Patent No. 5,327,053 to Mann et al. employs 
one such "sensorless" technique, wherein the back- 
EMF voltage in an unenergized stator coil is employed 
to determine commutation position during motor start- 

25 up. This method is based on a proportional relationship, 
wherein the back-EMF voltage generated in the stator 
coils during motor operation is a function of motor 
speed, rotational direction, and commutation position. 
However, a significant disadvantage exists with this 

30 technique in that back-EMF voltage is difficult to reliably 
measure during the low rotational velocity of the rotor 
during start up operations. This may prove especially 
troublesome in applications such as computer disk drive 
motors, where proper rotational direction at start up is 

35 required to avoid damaging disk contents. 

U.S. Patent No. 5,191,270, issued to McCormack 
represents an attempt to overcome the disadvantages 
of the back-EMF method. In this technique, "sensor- 
less" commutation detection is performed during the 

40 start up phase of operation. An initial measurement is 
made of the current rise time within each stator coil by 
applying a known voltage to each stator coil while the 
rotor is held stationary. A driving current is then supplied 
to the stator coil which is most nearly aligned with the 

45 magnetic field of the rotor so as to move the rotor 
slightly. A second current rise time measurement is con- 
ducted in similar fashion and compared to the initial cur- 
rent rise time measurement. Measurements of initial 
and second current rise times are analyzed for each 

so stator coil to indicate which stator coil should be ener- 
gized first to provide proper rotational direction of the 
rotor at start-up. 

A major disadvantage exists, however, in that this 
method is limited solely to start-up operations. In partic- 

55 ular, this method is aimed at determining the rotational 
direction of a computer disk drive during start-up so as 
to avoid damaging disk contents from improper rota- 
tional direction. To accomplish this, the current rise time 
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within each stator coil is measured at two discrete inter- 
vals merely to determine which of the stator field coils 
should be initially energized to start the rotor in the cor- 
rect rotational direction. This method, however, does not 
account for the commutation position of the rotor with 
respect to the stator field coils continuously throughout 
the normal, full speed operation of the motor. 

Furthermore, this method does not provide an 
accurate assessment of commutation position. As men- 
tioned above, this method merely measures the current 
rise times in all stator coils at two discrete points in time, 
compares these values, and initiates rotation accord- 
ingly. By basing the commutation position detection on 
two discrete measurements, this method must assume 
certain positional characteristics that cannot be 
assessed during the interim between current rise time 
measurements. These assumptions cause this method 
to be accurate only within one commutation, as 
opposed to the entire operational cycle. This can be a 
significant hindrance to proper motor operation because 
the stator coils cannot be continuously driven in an effi- 
cient fashion without an accurate and continuous deter- 
mination of commutation position. 

A further disadvantage of this method is that the 
determination of commutation position is based upon 
the absolute value of the current flowing within the 
motor. By measuring the current rise times within each 
stator coil at fixed time intervals, this method is highly 
susceptible to variations or fluctuations in motor speed, 
motor load, PWM frequency, and bus voltage. For 
example, an increase in the motor load will require the 
pulse width of the driving signal to be lengthened to 
increase the energy supplied to the motor to compen- 
sate for the increased load. Such variations in pulse 
width cause the current rise time measurement to vary 
in amplitude depending on the load experienced, 
thereby adversely affecting the accuracy and reliability 
of the commutation position detection. 

What is needed therefore, is a commutation posi- 
tion detection system which is capable of accurately 
and continuously assessing commutation position 
throughout the entire commutation process, rather than 
merely at start-up. A need also exists for a commutation 
position defection system that is not dependent on the 
absolute value of the current flowing within the motor. 

OBJECTS AND SUMMARY OF THE INVENTION 

Accordingly, it is a primary object of the invention to 
provide an improved method and apparatus for "sensor- 
less" commutation position detection which is capable 
of reliable, accurate, and continuous commutation posi- 
tion detection throughout the entire operation of the 
motor. 

Another object of the invention is to provide an 
improved method and apparatus for "sensorless" com- 
mutation position detection which operates independent 
of the absolute value of the current flowing within the 



motor to reliably and accurately determine commutation 
position regardless of variations in motor speed and 
load. PWM frequency, and/or bus voltage. 

An additional object of the invention is to provide an 

5 improved method and apparatus for "sensorless" com- 
mutation position detection capable of detecting a 
stalled condition within the motor. 

In accordance with a broad aspect of the present 
invention, a method is provided for starting a polyphase 

io brushless motor having a plurality of field coils disposed 
about a rotor, comprising the steps of: (a) simultane- 
ously energizing each of the plurality of field coils with a 
driving signal while the rotor is maintained in a fixed 
position within said motor; (b) continuously monitoring 

is the current waveform for each of the plurality of field 
coils during the step of simultaneously energizing; (c) 
continuously differentiating the current waveform for 
each of the plurality of field coils to define a current rate 
of change waveform for each of the plurality of field 

20 coils; (d) comparing the current rate of change wave- 
form for each of the plurality of field coils to a predeter- 
mined voltage threshold to determine an active field coil 
from the plurality of field coils; and (e) applying a driving 
signal to the active field coil to initiate the rotor into 

25 motion within the motor. 

According to another broad aspect of the present 
invention, disclosed is a method for starting a brushless 
polyphase motor having a rotor and a plurality of field 
coils, comprising the steps of: (a) applying a driving sig- 

30 nal to each of the plurality of field coils while the rotor is 
stationary; (b) continuously differentiating the current 
waveform within each of the plurality of field coils during 
step (a); (c) continuously comparing the differentiated 
current waveforms from step (b) to a predetermined 

35 voltage threshold; and (d) selectively energizing at least 
one of the plurality of field coils based on the compari- 
sons from step (c) to force the rotor into proper rota- 
tional motion. 

According to yet another broad aspect of the 

40 present invention, disclosed is a method for detecting 
the position of a rotor with respect to a plurality of field 
coils in a polyphase brushless motor, comprising the 
steps of: (a) continuously injecting at least a predeter- 
mined nominal exciting current into each of the plurality 

45 of field coils; (b) continuously monitoring the current 
waveform for each of the plurality of field coils during the 
step of continuously injecting; (c) continuously differen- 
tiating the current waveform for each of the plurality of 
field coils to define a current rate of change waveform 

so for each of the plurality of field coils; and (d) comparing 
the magnitude of at least two of the current rate of 
change waveforms to one another to produce an abso- 
lute reference indicative of the position of the rotor 
within the motor. 

55 In still another broad aspect of the present inven- 
tion, a method is disclosed for determining commutation 
position within a brushless motor having a plurality of 
stator coils disposed about a rotor, comprising the steps 



3 



5 



EP0 856 937 A2 



6 



of: (a) applying at least a predetermined nominal elec- 
tric current to each of the plurality of stator coils; (b) con- 
tinuously differentiating the electric current flowing 
within each of the plurality of stator coils during step (a) 
to produce a current rate of change waveform for each 
of the plurality of stator coils; and (c) continuously com- 
paring together at least two of the current rate of change 
waveforms to determine an absolute reference indica- 
tive of the position of the rotor within the motor. 

Yet another broad aspect of the present invention 
boasts an apparatus for controlling the operation of a 
polyphase brushless motor having rotor and a plurality 
of stator coils. The apparatus includes commutation 
position detection means for determining the position of 
the rotor relative to the plurality of stator coils. The com- 
mutation position detection means includes current 
sensing means for sensing the amount of electric cur- 
rent flowing within each of the plurality of stator coils, 
differentiation means for differentiating the amount of 
electric current flowing within each of the plurality of sta- 
tor coils, and comparator means for comparing together 
the differentiated electric current of at least two of the 
plurality of stator coils to determine an absolute refer- 
ence indicative of a position of the rotor within the motor. 
The apparatus also includes commutation means for 
selectively applying at least a predetermined nominal 
electric current to each of the plurality of stator coils and 
selectively applying a driving signal to one or more of 
the plurality of stator coils depending upon the absolute 
reference. 

In still a further broad aspect of the present inven- 
tion, provided is an apparatus for determining commuta- 
tion position within a brushless motor having a rotor and 
plurality of stator coils. The apparatus includes current 
sensing means for sensing the amount of electric cur- 
rent flowing within each of the plurality of stator coils. 
The apparatus further includes differentiation means for 
differentiating the amount of electric current flowing 
within each of the plurality of stator coils, and compara- 
tor means for comparing together the differentiated 
electric current of at least two of the plurality of stator 
coils to determine an absolute reference indicative of a 
position of the rotor within the motor. 

Other objects and advantages of the invention will 
become apparent to those skilled in the art in accord- 
ance with the descriptions and Figures of this specifica- 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the drawings, wherein like numerals are utilized 
to designate like parts throughout the same: 

FIGURE 1 is a flow chart depicting the fundamental 
steps in the incremental commutation position 
detection method of the present invention during 
normal operation; 

FIGURE 2 is a block diagram depicting an exem- 



plary application of the incremental commutation 
position detection method set forth in FIG. 1 ; 
FIGURE 3A represents the PWM signal supplied to 
the active stator coil of Fig. 2 during a single com- 

5 mutation cycle; 

FIGURE 3B is the current waveform within the 
active stator coil of Fig. 2 during commutation; 
FIGURE 3C is the normalized current waveform of 
the active stator coil of Fig. 2 during commutation; 

w FIGURE 3D represents the comparison of the cur- 
rent rate of change waveform of the active stator 
coil of Fig. 2 with a predetermined voltage thresh- 
old; 

FIGURE 3E is the comparator output signal of the 

75 comparison shown in Fig. 3D; 

FIGURES 4A-4E represent the commutation posi- 
tion detection waveforms of the embodiment shown 
in Fig. 2, wherein commutation position is detected 
by analyzing the current rate of change waveform 

20 during each PWM OFF pulse rather than during 
each PWM ON pulse as in FIGS. 3A-3E; 
FIGURE 5 is a flow chart depicting the algorithm for 
starting the brushless polyphase motor via the 
incremental commutation position detection 

25 method of the present invention; 

FIGURE 6 is a block diagram depicting yet another 
application of the incremental commutation position 
detection method set forth in FIG. 1 , namely, a sys- 
tem for detecting a stalled condition within a step- 

30 per motor; 

FIGURE 7A represents the PWM signal supplied to 
the active stator coil of Fig. 6 during a single com- 
mutation cycle; 

FIGURE 7B is the current waveform within the 
35 active stator coil of Fig. 6 during commutation; 

FIGURE 7C is the normalized current waveform of 
the active stator coil of Fig. 6 during commutation; 
FIGURE 7D represents the comparison of the cur- 
rent rate of change waveform of the active stator 
40 coil of Fig. 6 with a predetermined voltage thresh- 
old; 

FIGURE 7E is the comparator output signal of the 
comparison illustrated in Fig. 7D; 
FIGURE 8 is a flow chart depicting the fundamental 
45 steps of the absolute commutation position detec- 
tion method of the present invention; 
FIGURE 9 is an exemplary application of the abso- 
lute commutation position detection method set 
forth in FIG. 8 with a parallel encoding arrange- 
so merit; and 

FIG. 10 is still another exemplary application of the 
absolute commutation position defection method 
set forth in FIG. 8 with a multiplexed encoding 
arrangement. 

55 
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DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

The present invention provides an incremental 
commutation position detection system and an absolute 
commutation position detection system which are 
advantageously capable of accurately determining 
commutation position within polyphase brushless 
and/or stepper motors without employing proximity sen- 
sors or transducers. As used herein, the term "commu- 
tation position" refers to the physical position of a rotor 
relative to the various stator coils within a polyphase 
brushless motor. By identifying this positional informa- 
tion, the stator coils may be sequentially energized in an 
optimal fashion to create a rotating magnetic field within 
the motor which exerts maximal rotational and/or linear 
torque on the rotor. This positional information may also 
be employed to detect stalled conditions within poly- 
phase brushless motors. 

Broadly speaking, the present invention bases the 
determination of commutation position on the well 
known principle that the inductance of each stator coil 
within a polyphase brushless motor changes in direct 
relation to its position relative to the rotor. Although sta- 
tor coil inductance is an excellent indicator of commuta- 
tion position, it is difficult to accurately assess through 
direct measurement. The present invention advanta- 
geously overcomes this by employing the following for- 
mula: 

dl/dT=< V - |,R - d<1>/da > 

where: 

dl/dT= rate of change of the current flowing within 

each stator coil; 
V= voltage applied to each stator coil; 
1= current flowing within each stator coil; 

R= resistance of each stator coil; 
L= inductance of each stator coil; and 

d<s>/da= change in magnetic flux of each stator coil 

relative to change in angle between each 

stator coil and the rotor. 

In that current rate of change (dl/dT) is directly propor- 
tional to coil inductance (L), commutation position may 
therefore be assessed in an indirect fashion by analyz- 
ing the current rate of change (dl/dT) waveforms for 
each stator coil. In most applications, the "l*R" term and 
"do/da" term are substantially negligible and/or suffi- 
ciently constant such that they may be ignored without 
significantly affecting the determination of commutation 
position. However, for high precision applications or 
applications in which these terms experience wide fluc- 
tuation, normalization steps may be undertaken to 
remove these extraneous factors such that the current 
rate of change (dl/dT) provides a highly accurate repre- 



sentation of inductance (L) and hence commutation 
position. 

I. INCREMENTAL COMMUTATION POSITION DETEC- 
5 TION 

Referring initially to FIG. 1 , shown is a flow chart 
illustrating the fundamental steps in the incremental 
commutation position detection method of the present 

10 invention during normal operation. The first step 10 
requires applying a driving signal (continuous or pulse 
width modulated) to an active stator coil. Active stator 
coils are those which, due to their relative position to the 
rotor, exert a maximum rotational and/or linear torque 

15 on the rotor upon being energized with a driving signal. 
The next step 20 entails monitoring the current wave- 
form of the active stator coil to assess the amount of 
electric current flowing within the active stator coil as the 
rotor approaches the active stator coil. In a preferred 

20 embodiment, the current waveform is then normalized 
in step 30 to remove various extraneous factors that 
may significantly influence the amount of current flowing 
within the active stator coil, such as fluctuations in motor 
speed and bus voltage. By removing these influencing 

25 factors, the DC component of the current waveform is 
removed to provide a current waveform comprising only 
the AC component of the current. It is the AC compo- 
nent of the current that contains the desired commuta- 
tion position information that is the focus of the present 

30 invention. 

The normalized current waveform is thereafter dif- 
ferentiated in step 40 to produce a current rate of 
change waveform representative of the amount of 
inductance (L) within the active stator coil. In the next 

35 step 50, the current rate of change waveform is com- 
pared to a predetermined voltage threshold to deter- 
mine commutation position. In a preferred embodiment, 
the commutation position signal is subjected to a sam- 
ple and hold circuit in step 60 for blocking or holding 

40 transient-laden portions of the commutation position 
signal such that a commutation module may apply the 
driving signal to the next active stator in step 70 without 
having to resort to filtering to remove such transients. 
As will be set forth below, the sample and hold step 60 

45 may be employed to overcome the switching transients 
which occur at each change of state within the PWM 
pulse train, as well as when the driving signal is redi- 
rected to another stator coil. Other than during these 
holding periods, the commutation module will analyze 

so the commutation position signal to detect a commuta- 
tion point indicative of the need to direct the driving sig- 
nal to the next successive stator coil to maintain the 
rotor in optimal rotational and/or linear motion. 

Through the incremental commutation detection 

55 method set forth in FIG. 1, the present invention is 
inventively capable of continuously and accurately 
determining the position of the rotor relative to the active 
stator coils within any variety of brushless motor. By 
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providing this real-time commutation position informa- 
tion in the manner described above, the present inven- 
tion lends itself to many different applications. By way of 
example and not limitation, two such applications will be 
described hereinbelow. The first application, as shown 5 
in FIG. 2, comprises a system for controlling the 
sequential commutation of the stator coils within a vari- 
able reluctance motor 2 during normal operation and 
start-up. The second application, as shown in Fig. 7, 
comprises a system for detecting a stalled condition 
within a stepper motor. While FIGS. 2 and 7 employ 
brushless motors of the variable reluctance and stepper 
types, respectively, it is to be fully recognized that these 
are set forth by way of example only and, consequently, 
any number of brushless motors may be substituted 
therefor without departing from the scope of the present 
invention. 

Referring to Fig. 2, the variable reluctance motor 2 
has four stator coils 4, 8, 12, 16 positioned in equidis- 
tant relationship about an internally disposed rotor 24. A 
commutator 28 is provided for selectively directing a 
driving signal to energize the appropriate stator coils 
within the motor 2. A plurality of current sensors 42, 44, 
46, 48 are provided between commutator 28 and motor 
2 to monitor the amount of electric current flowing within 
stator coils 4, 8. 12, 16, respectively. The current wave- 
forms detected by current sensors 42, 44, 46, 48 are 
supplied to a switching circuit 34. The switching circuit 
34 is further coupled to the commutator 28 and a plural- 
ity of normalizing circuits 52, 54, 56, 58 which, in turn, 
are coupled to a plurality of differentiation circuits 62, 
64, 66, 68, respectively. A plurality of comparators 72, 
74, 76, 78 are further provided, each having a first input 
coupled to the respective differentiation circuits 62, 64, 
66, 68, a second input coupled to a variable voltage ref- 
erence 36, and an output coupled to a sample and hold 
module 38. The sample and hold module 38 is further 
connected to the commutator 28. 

Current sensors 42, 44, 46, 48 may be one of sev- 
eral well known current sensing devices, including but 
not limited to a current sensing resistor, a current trans- 
former, a Hall-Effect device, or th© "on" resistance of a 
field effect transistor. The switching circuit 34 may com- 
prise any number of commercially available switching 
components, such as the DG21 1 analog switch manu- 
factured by Siliconix. As will explained in greater detail 
below, the switching circuit 34 is capable of selectively 
directing any number of the current waveforms to their 
respective normalizing circuit 52, 54, 56, 58 depending 
upon the input from the commutator 28. The normaliz- 
ing circuits 52-58 are provided to remove or cancel out 
various extraneous factors that significantly affect the 
amount of current flowing within the stator, such as var- 
iations in motor load and bus voltage. In a typical 
embodiment, each normalizing circuit 52-58 may com- 
prise an amplifier having an automated gain control 
(AGO) configured in a negative feedback arrangement 
to remove the DC component of the current flowing 



within the stator coils during commutation. In so doing, 
a normalized current waveform is thus produced which 
consists solely of the AC component of the current flow- 
ing within the stator coils without the wide fluctuations 
that may otherwise exist due to variations in bus voltage 
or motor load. As will be appreciated, extracting the 
commutation position information within the AC compo- 
nent of the current in this fashion facilitates setting the 
predetermined voltage threshold at a level sufficient to 
provide an accurate assessment of commutation posi- 
tion such that the motor can be commutated with great 
efficiency. 

The differentiation circuits 62-68 differentiate each 
respective normalized current waveform to provide a 
current rate of change waveform. The differentiation cir- 
cuits 62-68 may comprise any number of commercially 
available differentiating components, such as the TL082 
operational amplifier manufactured by, among others, 
Texas Instruments. The comparators 72-78 are pro- 
vided to compare each respective current rate of 
change waveform against a predetermined voltage 
threshold set by the variable voltage reference 36. The 
output of each comparator 72-78 is monitored by the 
sample and hold module 38 before passing to the com- 
mutator 28. The sample and hold module 38 may com- 
prise any number of commercially available sample and 
hold circuits or latching circuits, including but not limited 
to a 74LS373 IC produced by, among others, Texas 
instruments. 

In an important aspect of the present invention, the 
sample and hold module 38 is provided to overcome the 
adverse affects of switching transients and related noise 
on the incoming signals from the comparators 72-78 
without the need for filtering and related signal process- 
ing techniques which may degrade the commutation 
position information within these signals. The sample 
and hold module 38 accomplishes this by selectively 
blocking the comparator output signals during a holding 
period (when these signals are tainted with switching 
transients related noise) and selectively sampling these 
comparator output signals during a sample period 
(when these signals do not contain such transients). 
The most prominent cause of transients include when 
each pulse of a PWM driving signal changes state, as 
well as when the driving signal is switched or commu- 
tated from one stator coil to the next. Thus, in a pre- 
ferred embodiment, the sample and hold module 38 is 
directed by the commutator 28 to block out transients for 
a predetermined period after each PWM pulse change 
and after each commutation cycle such that only the 
most pure and noise-free signals are forwarded to the 
commutator 28. With the assistance of the sample and 
hold module 38, the commutator 28 may then detect a 
commutation point indicative of the need to apply the 
PWM driving signal to the next active stator coil. In this 
fashion, the PWM driving signal may be applied to the 
stator coils 4-16 in the appropriate sequence and timing 
such that a rotating magnetic field is generated within 
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the motor 2 which exerts an optimal amount of rotational 
and/or linear torque on the rotor 24. 

FIGS. 3A-3E illustrate the characteristic waveforms 
for the incremental commutation position detection 
method of the present invention as implemented within 5 
the system shown in FIG. 2 during normal operation. 
Stator coil 4 is the active stator coil in the arrangement 
shown in FIG. 2 in that the rotational position of rotor 24 
within motor 2 is such that the energization of stator coil 
4 will generate a magnetic field therewithin that will exert 
the maximum rotational torque upon rotor 24. In the pre- 
ferred embodiment shown, the commutator 28 will direct 
the PWM driving signal shown in FIG. 3A to stator coil 4 
until it is determined by the incremental commutation 
position detection method of the present invention that 
commutator 28 should sequence and thereby direct the 
PWM driving signal to the next stator coil 8. The PWM 
driving signal comprises a voltage pulse train of 
sequential ON and OFF pulses which, for clarity, are 
designated ON1-ON5 and OFF1-OFF5. Although illus- 
trated as a PWM driving signal, it is to be fully under- 
stood that for certain applications the driving signal may 
also comprise a continuous or fixed excitation signal 
without departing from the scope of the present inven- 
tion. 

Fig. 3B illustrates the current waveform 42* within 
the active stator coil 4 as measured by current sensor 
42 throughout the entire application of the PWM driving 
signal. Close examination will indicate that the slope of 
the current waveform 42' experiences a progressive 
decrease through time with each successive ON and 
OFF pulse of the PWM driving signal. With reference to 
the aforementioned formula, this decrease in slope 
stems from the fact that the inductance (L) within the 
active stator coil 4 increases significantly, and in direct 
proportion, as rotor 24 approaches the active stator coil 
4 which, in turn, causes the dl/dT ratio to progressively 
decrease as the rotor 24 approaches active stator coil 4. 
Moreover, although the current waveform 42' is illus- 
trated as an ideal waveform for purposes of clarity, in 
actuality the current waveform 42' would include signifi- 
cant transients at each change of state within the PWM 
pulse train. In order to combat this, the sample and hold 
module 38 holds the signal from reaching the commuta- 
tor 28 for a predetermined period (H) following each 
PWM pulse change which, by way of example, is illus- 
trated as the period between each pair of vertical 
dashed lines for the pulse changes at OFF1 and ON2. 
Although not shown, it is to be fully understood that the 
sample and hold module 38 will exert a similar hold 
period (H) at each change of state within the PWM 
pulse train. When employed to thwart transients which 
result from redirecting the driving signal to another sta- 
tor coil, the sample and hold module 38 may exert a 
substantially longer holding period (H) which, for exam- 
ple, may span several consecutive PWM pulses such 
that a sufficient amount of time passes for the transients 
to settle out of the signals before passing to the commu- 



tator 28. 

During normal operation, the switching circuit 34 
cooperates with commutator 28 to direct only the cur- 
rent waveform for the active stator coil (s) to the appro- 
priate normalizing circuits 52-58. In this case, with 
stator coil 4 as the only active stator coil, switching cir- 
cuit 34 passes current waveform 42' to normalizing cir- 
cuit 54. The normalizing circuit 52 then removes various 
factors that significantly influence the degree to which 
current flows within the active stator coil 4 during com- 
mutation, such as fluctuations in bus voltage and motor 
speed. This effect can be seen generally with reference 
to Fig. 3C, wherein the amplitude of the normalized cur- 
rent waveform 52' is generally smaller than the ampli- 
tude of current waveform 42' due to the removal of such 
influencing factors. Normalized current waveform 52* is 
then differentiated via the differentiation circuit 62 to 
produce the current rate of change waveform 62' shown 
in Fig. 3D. It should be noted with particularity that the 
voltage level of waveform 62' decreases progressively 
for each successive PWM ON pulse and increases pro- 
gressively for each successive PWM OFF pulse. This, 
once again, is due to the fact that the rate of change of 
the current (dl/dT) within the active stator coil 4 
decreases as the rotor 24 approaches the active stator 
coil 4. 

FIG. 3D illustrates the current rate of change wave- 
form 62' with a predetermined voltage threshold 36' as 
established by the variable voltage reference 36. In the 
embodiment shown, the variable voltage reference 36 is 
configured such that the predetermined voltage thresh- 
old 36' detects commutation position based on the 
amount of current flowing within stator coil 4 during the 
PWM ON pulses. To do so, the predetermined voltage 
threshold 36' is set at a level slightly above the current 
rate of change waveform 62' corresponding to the ON5 
pulse of the PWM driving signal to indicate that the rotor 
24 is in a position relative to the active stator coil 4 such 
that the PWM driving should be incremented to the next 
active stator coil, i.e. stator coil 8. Voltage reference 36 
may comprise any number of commercially available 
variable voltage references, including but not limited to 
an amplifier configured with a manually adjustable 
potentiometer for manual adjustment, and an amplifier 
having an automatic gain control (AGO), such as the 
AD7524 digital-to-analog converter manufactured by 
Analog Devices, Inc., for dynamic adjustment. Such 
dynamic voltage adjustment may be accomplished, for 
example, by continually tracking the lowest ON pulse 
voltage plateau for the current rate of change waveform 
during each commutation cycle. 

Fig. 3E illustrates the output signal 72' of the com- 
parator 72 during the commutation of stator coil 4. In a 
preferred embodiment, comparator 72 is configured to 
enter a high or conducting state only when current rate 
of change waveform 62' drops below predetermined 
voltage threshold 36'. Comparator output signal 72' 
therefore produces a pulse train as long as current rate 
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of change waveform 62' keeps intersecting predeter- 
mined voltage threshold 36'. Thereafter, with reference 
to pulse ON5. comparator output signal 72' remains 
high. The point in time when comparator output signal 
72' remains high is referred to as the commutation point, 5 
shown as reference numeral 26 in Fig. 3E. In a pre- 
f erred embodiment, the predetermined voltage thresh- 
old 36* should optimally be set such that commutation 
point 26 occurs when rotor 24 is in direct positional 
alignment with the active stator coil 4 such that the 
PWM driving signal may be incremented to the next 
active stator coil 8 in time to exert the maximum amount 
of rotational torque upon the rotor 24. 

With stator coil 4 as the only active stator coil, the 
commutator 28 will monitor the output of comparator 72 
within the sample period of the sample and hold module 
38 to detect the occurrence of the commutation point 
26. This can be accomplished in one of several well 
known techniques. For example, digital logic may be 
employed to compare the PWM driving signal with the 
comparator output waveform 72' to detect the point at 
which the two waveform are simultaneously in the high 
6tate. With reference to Figs. 3A, 3D and 3E, this occurs 
at the onslaught of pulse ON5, wherein current rate of 
change waveform 62' fails to intersect the predeter- 
mined voltage threshold 36', thereby causing output 
waveform 72' to remain in the high state at commutation 
point 26. When commutation point 26 is detected, com- 
mutator 28 then directs the PWM driving signal to the 
next active stator coil in motor 2. In the embodiment 
shown in Fig. 2, commutator 28 would thus be 
sequenced to apply the PWM driving signal to stator coil 
8 to re-initiate the incremental commutation position 
detection process with stator coil 8 as the active stator 
coil. 

In the foregoing arrangement, the present invention 
continuously determines commutation position such 
that the stator coils 4-16 may be sequentially energized 
to maintain rotor 24 in continuous and optimal rotation. 
By way of summary, this is accomplished by: (1) apply- 
ing a PWM driving signal to the active stator coil(s); (2) 
monitoring the current waveform of the active stator 
coil(s); (3) normalizing the current waveform of the 
active stator coil(s); (4) differentiating the normalized 
current waveforms to identify the rate of change of the 
current (dl/dT) within the active stator coil (s); and (5) 
comparing the rate of change of the current (dl/dT) 
within the active stator coil(s) to a predetermined volt- 
age threshold 64 to determine when the PWM driving 
signal should be incremented from the current active 
stator coil(s) to the next active stator coil(s). This incre- 
mental commutation position detection method may 
include the further step of selectively sampling and 
holding the commutation position signal such that only 
the portions thereof which are not tainted with switching 
transients and related noise are allowed to pass to the 
commutator 28 for commutating between the various 
stator coils. The incremental commutation position 



method is not dependent upon the absolute value of the 
current flowing within the active stator coils such that it 
may be utilized in virtually every type of brushless 
motor, regardless of the particular current flow charac- 
teristics, from computer disk drive to massive industrial 
brushless motors. 

With reference to FIGS. 4A-4E, it is to be fully 
understood that the foregoing incremental commutation 
detection method may be performed during the succes- 
sive PWM OFF pulses without departing from the scope 
of the present invention. In this instance, commutation 
position is determined by analyzing the rate of change 
of the current flowing within the active stator coil 4 
(dl/dT) during the successive OFF pulses of the PWM 
driving signal. As shown in FIGS. 4D and 4E, this can 
be accomplished by setting the predetermined voltage 
threshold 36' to trigger the comparator 72 based on the 
OFF pulse voltage plateaus of current rate of change 
waveform 62*. In a preferred embodiment, predeter- 
mined voltage threshold 36' should be set slightly below 
the current rate of change waveform 62' at a point corre- 
sponding to pulse OFF5, as it is during this time when 
rotor 24 is closest to direct positional alignment with the 
active stator coil 4. The comparator 72 will therefore 
generate a voltage pulse train until waveform 72' fails to 
intersect the predetermined voltage threshold 36*. The 
failure of the current rate of change waveform 62' to 
intersect predetermined voltage threshold 36' will cause 
the output waveform 72' of the comparator 72 to remain 
in a low state at commutation point 26. As mentioned 
above, commutator 28 is configured to detect the occur- 
rence of the commutation point 26 within the sample 
period of the sample and hold module 38 to apply the 
PWM driving signal to the next active stator coil, i.e. sta- 
tor coil 8. 

FIG. 5 is a flow chart depicting the fundamental 
steps of the starting algorithm used to bring a poly- 
phase brushless motor up to the normal operating 
sequence described above with reference to FIG. 1. 
The first step 100 involves applying a PWM driving sig- 
nal to each of the stator coils such that the rotor is dis- 
posed in a fixed and stationary position within the motor. 
The next step 110 entails monitoring the current wave- 
form within each of the stator coils to measure the 
amount of electric current flowing therewithin. Each cur- 
rent waveform may then be normalized in step 120 to 
isolate the position information found within the AC rip- 
ple current of the current waveforms. The following step 
130 involves differentiating each normalized current 
waveform to produce a current rate of change waveform 
for each stator coil. These current rate of change wave- 
forms are thereafter simultaneously compared to a pre- 
determined voltage threshold in step 140 to determine 
whether, for each stator coil, the inductance is higher or 
lower than the predetermined voltage threshold. With 
this information, it is possible to identify which stator coil 
should receive the PWM driving signal as the first active 
stator coil. The next step 150 involves selectively sam- 
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piing and holding the commutation position signal such 
that only those portions which are not distorted with 
switching transients may reach a commutation module. 
The final step 160 involves applying the PWM driving 
signal to the active stator coil such that the rotor is 
forced into proper rotational motion within the motor. 

At start-up the commutation position is unknown to 
the system shown in FIG. 2. To combat this, the commu- 
tator 28 simultaneously directs PWM driving signals to 
each of the stator coils 4-16 which, consequently, main- 
tains the rotor 24 in a stationary position within the 
motor 2. During this period, the commutator 28 also 
directs the switching circuit 34 to pass the current wave- 
forms for each stator coil 4, 8, 12, 16 to the normalizing 
circuits 52, 54, 56, 58, respectively, for normalization. 
The normalized current waveforms are then differenti- 
ated by the respective differentiation circuits 62, 64, 66, 
68 to produce waveforms indicative of the rate of 
change of the current (dl/dT) within the stator coils 4, 8. 
12, 16, respectively. Each differentiated waveform is 
thereafter compared against the predetermined voltage 
reference established by the variable voltage reference 
36. The commutator 28 decodes the information from 
the comparators 72-78 within the sample period of the 
sample and hold module 38 to identify commutation 
position and thereafter determines which stator coil(s), 
if energized, will generate a magnetic field sufficient to 
force the rotor 24 into the proper rotational motion within 
the motor 2. Following this, the commutator 28 applies 
the PWM driving signal to the active stator coil(s) to 
bring the rotor 24 into normal operation. 

Fig. 6 illustrates a block diagram of yet another 
exemplary application of the incremental commutation 
position detection method of the present invention, 
namely, a stall detector for brushless motors. In this 
embodiment, the motor 2 is a stepper motor having a 
plurality of stator coils 4, 8, 12, 16 disposed in equidis- 
tant relationship about an internally disposed rotor 24. A 
stall indicator 32 is provided to receive the output signal 
72' of the comparator 72 during the sample period of a 
sample and hold module 38. With these exceptions, all 
functional blocks of this embodiment are similar to those 
shown in Fig. 2 and, accordingly, a description thereof 
will not be repeated. It is significant to note, however, 
the operation of the present embodiment with reference 
to Figs. 7A-7E, wherein the predetermined holding peri- 
ods (H) from the sample and hold module 38 are omit- 
ted for clarity. 

FIG. 7A represents the PWM driving signal as 
applied to the active stator coil 4 during a single commu- 
tation cycle. Although the driving signal wilt always be a 
PWM signal when stepper motors are employed, it 
should once again be reiterated that certain applica- 
tions may allow the driving signal by the commutator 28 
to be continuous or fixed rather than a pulsed PWM sig- 
nal. It should also be understood that, if the driving sig- 
nal is continuous as opposed to a PWM signal, then the 
sample and hold module 38 may be used solely to block 



out transients at the beginning of each commutation 
cycle in that there would be no transients associated 
with using PWM driving signals. FIG. 7B illustrates the 
current waveform 48* flowing within the active stator coil 

5 4 during commutation. As readily apparent, the slope 
(dl/dT) of the current waveform 42* remains constant fol- 
lowing pulse OFF2, as shown in dashed lines. Under 
normal operating conditions, this dl/dT ratio would ordi- 
narily decrease through time as rotor 24 approaches 

w the active stator coil 4. In this case, however, the con- 
stant slope (dl/dT) of the current waveform 42' indicates 
a stalled condition following pulse OFF2 which, in turn, 
translates into a stalled condition appearing on the nor- 
malized current waveform 52* shown in dashed lines in 

is Fig- 7C. When the normalized current waveform 52' is 
differentiated it produces a constant amplitude on the 
current rate of change waveform 62* following pulse 
OFF2, as shown in horizontal dashed lines in Fig. 7D. 
The predetermined voltage threshold 36' is set in 

20 the same fashion as the embodiment shown in Fig. 2 so 
as to trigger the comparator 72 based on the ON pulse 
voltage plateaus of the current rate of change waveform 
62*. However, as viewed in Fig. 7E, the output signal 72* 
of comparator 72 does not stop intersecting the prede- 

25 termined voltage threshold 36' due to the stalled condi- 
tion of rotor 24 within the commutation cycle of active 
stator coil 4. Stall indicator 32 is capable of detecting the 
failure of current rate of change waveform 62' to stop 
intersecting predetermined voltage threshold 36' and 

30 alerting a user of the stalled condition upon such a 
detection. Stall indicator 32 may comprise any number 
of well known circuits to perform these functions. For 
example, a light emitting diode (LED) may be employed 
in conjunction with common digital logic to illuminate the 

35 LED when it is determined that the current rate of 
change waveform 62* persists in intersecting the prede- 
termined voltage threshold 36' throughout a portion or 
the entire commutation cycle of active stator coil 4. As 
with previous embodiments, the sample and hold mod- 

40 ule 38 combats switching transients by holding the sig- 
nal from reaching the commutator 28 for a 
predetermined period (H) following each PWM pulse 
change and commutation change. 

45 II. ABSOLUTE COMMUTATION POSITION DETEC- 
TION 

Referring to FIG. 8, shown is a flow chart illustrating 
the fundamental steps in the absolute commutation 

so position detection method of the present invention. This 
method is particularly suited for use with polyphase 
brushless motors having reluctance paths, such as 
stepper motors, variable switched reluctance (VSR) 
motors, and PM brushless motors. The torque output of 

55 reluctance motors is proportional to the square of the 
exciting current such that a small amount of current may 
be injected into each of the stator coils without appreci- 
ably impacting the performance and efficiency of the 
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motor. As will be explained below, the absolute commu- 
tation position detection method of the present invention 
capitalizes upon the aforementioned characteristics of 
reluctance motors so as to accurately determine com- 
mutation both at start-up and during normal operation. 

The first step 105 involves injecting at least a nomi- 
nal amount of current into all of the stator coils. During 
normal operation, this will entail injecting the non-active 
stator coils with a nominal amount of current while 
applying driving signal(s) (fixed or pulses) to the active 
stator coH(s). At start-up, this will require applying the 
driving signals to all of the stator coils such that the rotor 
is maintained in a fixed and stationary position within 
the motor. The current waveform for each of the stator 
coils is monitored in step 115 to detect the amount of 
electric current flowing within each of the stator coils. 
Thereafter, each current waveform is differentiated in 
step 1 25 to produce a current rate of change waveform. 
As noted above, the current rate of change (dl/dT) is a 
function of the inductance (L) of each stator coil which, 
in turn, is a function of commutation position. Commuta- 
tion position may therefore be detected by effectively 
analyzing the current rate of change (dl/dT) waveforms 
for each stator coil. In an important aspect of the 
present invention, this analysis resides in step 135, 
wherein the current rate of change (dl/dT) waveforms of 
at least two of the stator coils are compared so as to 
determine the absolute position of the rotor within the 
motor. After determining commutation position in this 
fashion, a sample and hold circuit is employed in step 
145 for selectively sampling and holding the commuta- 
tion position signal such that only the portions thereof 
which are free from switching transients and related 
noise may reach a commutation module in step 155 to 
determine which stator coil(s) should be commutated 
with a driving signal and carry out the same. 

In an important aspect of the present invention, the 
aforementioned process eliminates the need to perform 
additional normalization steps in that errors common to 
all of the stator coils cancel out during step 135. That is 
to say. extraneous factors which significantly affect the 
rate of change of the current (d(/dT), including fluctua- 
tions in temperature, motor speed, bus voltage, and air 
gap, are effectively canceled out. Moreover, by selec- 
tively choosing the appropriate comparison points, vari- 
ations due to the change in flux and rotor angle (d<D/da) 
may be effectively canceled out, once again eliminating 
the need for a separate and distinct stage of normaliza- 
tion. This aspect is particularly advantageous when 
employing switched reluctance motors in that these 
motors may develop significant do/da values which 
may adversely impact the current rate of change wave- 
form (dl/dT) pursuant to the aforementioned formula. Of 
course, in the instance where the comparison points 
may not be properly selected to cancel out the do/da 
values, further normalization steps may be engaged. 

The present invention is also advantageous in that 
it provides an absolute reference for determining com- 



mutation position, rather than an incremental reference 
as provided by the incremental commutation position 
detection method detailed above. This absolute refer- 
ence, once again, is accomplished by comparing 

5 together the current rate of change waveforms (dl/dT) of 
at least two of the stator coils so as extract only the most 
accurate positional information from the current wave- 
forms. The incremental method, on the other hand, 
assesses the current rate of change waveform (dl/dT) of 

10 the active stator coil against a predetermined voltage 
threshold to identify a commutation point indicative of 
the need to redirect or increment the PWM driving sig- 
nal to the next active stator coil. Noise interference, if 
introduced during this comparison with the predeter- 

75 mined voltage threshold, may adversely affect the effi- 
ciency of the incremental commutation position 
detection arrangement set forth above. In contrast, the 
absolute commutation position detection method 
obtains the vital positional information without regard 

20 the status of each stator coil, i.e. active or inactive, and 
thus is less subject to noise interference. 

FIGS. 9 and 10 represent two exemplary applica- 
tions of the absolute commutation position detection 
method set forth above. In both embodiments, the motor 

2S 2 is a variable switched reluctance motor having a plu- 
rality of stator coils 4, 8, 12, 16 disposed in equidistant 
relationship about an internally disposed rotor 24. As 
with the embodiments shown in FIGS. 2 and 6, a plural- 
ity of current sensors 42, 44, 46, 48 are provided 

30 between a commutator 28 and the motor 2 so as to 
monitor the amount of electric current flowing within sta- 
tor coils 4, 8, 12, 16, respectively. The current sensors 
42, 44, 46, 48 are further coupled to a plurality of differ- 
entiation circuits 62, 64, 66. 68. respectively, for deter- 

35 mining the rate of change of the current (dl/dT) flowing 
within each respective stator coil 4, 8, 12, 16. The main 
distinction between the embodiments shown in FIGS. 9 
and 10 resides in the manner in which the differentiated 
current waveforms (dl/dT) are processed prior to being 

40 communicated to the sample and hold module 38 and 
commutator 28. 

FIG. 9 employs a parallel processing arrangement 
having a plurality of comparators 69. 71, 73. 75. 77. 79 
which collectively compare each possible combination 

45 of the various current rate of change waveforms (dl/dT). 
As will be appreciated by those skilled in the art, these 
comparisons provide an indication of the relative induct- 
ance (L) levels within each of the stator coils 4-16 which, 
as noted above, translates into an indication of the rela- 

so tive distance between each stator coil and the rotor. 
Upon receiving this information during the sample 
period of the sample and hold module 38, the commuta- 
tor 28 may then calculate which of the various stator 
coifs 4-16 should be energized to either start the rotor 

55 24 in proper rotation at start-up or exert maximal torque 
on the rotor 24 during normal operation. Although 
shown using six separate comparators 69-79 in this 
embodiment, it is to be fully understood that commuta- 
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tion position may be detected in certain applications 
using based solely on the output a single comparator. 
This is due to the fact that it only takes one comparison 
to eliminate out the errors common to all stator coils 
and, moreover, because the amount of positional infor- 
mation from each comparison varies depending upon 
commutation position. As such, it is possible to ignore 
certain comparisons without significantly affecting the 
operation of the motor 2. 

FIG. 10 represents one example of this phenom- 
ena, wherein a multiplexed processing arrangement is 
employed to selectively compare two current rate of 
change waveforms (dl/dT) for the purpose of determin- 
ing commutation position. This is accomplished by cou- 
pling the output of each differentiation circuit 62-68 to a 
first multiplexer 82 and a second multiplexer 84. The 
first and second multiplexers 82, 84 are selectively 
switched submit only two of the various current rate of 
change waveforms (dl/dT) to a single comparator 86. 
The comparator 86 performs the desired comparison 
and thereafter provides the resulting positional informa- 
tion to the sample and hold module 38 which, as noted 
above, forwards these signals to the commutator 28 
during a selected sampling period. Based upon this 
information, the commutator 28 directs the PWM driving 
signals to the appropriate stator coils 4-16 for initial rota- 
tion (i.e. start-up) or continued rotation (i.e. normal 
operation). 

This invention has been described herein in consid- 
erable detail to provide those skilled in the art with the 
information needed to apply the novel principles and to 
construct and use embodiments of the example as 
required. However, it is to be understood that the inven- 
tion can be carried out by specifically different devices 
and that various modifications can be accomplished 
without departing from the scope of the invention itself. 

For example, although FIQS. 1 and 5 illustrate the 
normalization step as preceding the differentiation step, 
it is to be readily understood that these steps may be 
juxtaposed without departing from the scope of the 
present invention such that the current waveforms may 
be differentiated prior to normalization. Moreover, it is to 
be readily understood that for certain applications, the 
normalization step may be wholly omitted from the 
incremental commutation position detection method 
described above. This stems from the fact that the nor- 
malization step is designed to remove various extrane- 
ous factors, such as fluctuations in motor speed and bus 
voltage, which significantly affect the rate of change of 
the current (dl/dT) flowing within the active stator coil. 
By maintaining the bus voltage and motor speed at a 
constant level, the significant variations in current rate of 
change that normally result from fluctuations in bus volt- 
age and motor speed are eliminated. As such, the incre- 
mental commutation position detection method of the 
present invention is capable of determining commuta- 
tion position without performing the aforementioned 
normalization. 



It is furthermore noted that, although the absolute 
commutation position detection method of the present 
invention does not require normalization, this additional 
step may nonetheless be performed, either before or 

s after the differentiation stage, if so desired. 

It is also to be understood that motor 2 may have 
greater or fewer than the number of stator coils shown in 
the Figures without departing from the scope of the 
invention. Moreover, any type of brushless motor may 

10 be implemented in accordance with the present inven- 
tion, including but not limited to variable reluctance, per- 
manent magnet, and stepper motors. 

Claims 

15 

1 . A method of starting a polyphase brushless motor, 
said brushless motor having a plurality of field coils 
disposed about a rotor, comprising the steps of: 

20 (a) simultaneously energizing each of said plu- 

rality of field coils with a driving signal while 
said rotor is maintained in a fixed position 
within said motor; 

(b) continuously monitoring the current wave- 
25 form for each of said plurality of field coils dur- 
ing said step of simultaneously energizing; 

(c) continuously differentiating said current 
waveform for each of said plurality of field coils 
to define a current rate of change waveform for 

30 each of said plurality of field coils; 

(d) comparing said current rate of change 
waveform for each of said plurality of field coils 
to a predetermined voltage threshold to deter- 
mine commutation position; and 

35 (e) applying a driving signal to an active field 

coil based on said commutation position to ini- 
tiate said rotor into motion within said motor. 

2. The method as set forth in claim 1 and further 
40 wherein said step (b) comprises the steps of: 

(i) providing current sensing means associated 
with each of said plurality of field coils; and 

(ii) sensing the current waveform of each of 
45 said plurality of field coils during step (a). 

3. The method as set forth in claim 2 and further 
wherein said step (c) comprises the steps of: 

so (i) providing differentiation means associated 

with said current sensing means; 
(ii) differentiating said current waveform of 
each of said plurality of field coils to define a 
current rate of change waveform for each of 

55 said plurality of field coils. 

4. The method as set forth in claim 3 and further, 
wherein said step (d) comprises the steps of: 
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(i) providing means for adjustably setting said 
predetermined voltage threshold associated 
with said differentiation means; 

(ii) setting said means for adjustably setting 
such that said predetermined voltage threshold 
provides a reference upon which to compare 
said current rate of change waveform for each 
of said plurality of field coils; and 

(iii) comparing said current rate of change 
waveform for each of said plurality of field coils 
to determine said active field coil. 

5. The method as set forth in claim 3 and further, 
wherein said step (e) comprises the further steps 
of: 

(i) providing commutation means for generating 
said driving signal; and 

(ii) applying said driving signal to said active 
field coil to initiate said rotor into motion within 
said motor. 

6. The method as set forth in claim 1 and further, 
wherein step (b) includes the further step of contin- 
uously normalizing the current waveform within 
saidstator coil. 



tional motion. 

10. The method set forth in claim 9 and further wherein 
step (b) comprises the steps of: 

5 

(i) providing current sensing means for sensing 
the current waveform within each of said plural- 
ity of field coils; 

(ii) providing differentiation means associated 
10 with said current sensing means; and 

(iii) differentating said current waveform within 
each of said plurality of field coils via said differ- 
entiation means. 

is 11. The method set forth in claim 10 and further, 
wherein step (c) comprises the substeps of: 

(i) providing means for adjustably setting said 
predetermined voltage threshold; 

20 (ii) providing comparing means for comparing 

each of said differentiated current waveforms 
to said predetermined voltage threshold; and 
(iii) comparing said differentiated current wave- 
forms from step (b) to said predetermined 

25 threshold to determine the relative position of 

each of said plurality of field coils to said rotor. 
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7. The method as set forth in claim 6 and further, com- 
prising the further steps of: 

(i) providing normalization means associated 
with said differentiation means; and 

(ii) employing said normalization means to 
remove unwanted noise artifacts from one of 
said current waveform and said current rate of 
change waveform of said stator coil. 

8. The method as set forth in claim 1 and further, 
wherein step (e) includes the further step of provid- 
ing sample and hold means for selectively sampling 
and holding the commutation position signal gener- 
ated in step (d) to eliminate switching transients. 



9. A method of starting a brushless polyphase motor 
having a rotor and a plurality of field coils, compiis- 45 
ing the steps of: 

(a) applying a driving signal to each of said plu- 
rality of field coils while said rotor is stationary; 

(b) continuously differentiating the current so 
waveform within each of said plurality of field 
coils during step (a); 

(c) continuously comparing the differentiated 
current waveforms from step (b) to a predeter- 
mined voltage threshold ; and ss 

(d) selectively energizing at least one of said 
plurality of field coils based on the comparisons 
from step (c) to force said rotor into proper rota- 



12. The method set forth in claim 11 and further 
wherein step (d) comprises the steps of: 

(i) determining which of said plurality of field 
coils is in the closest positional alignment with 
said rotor to define an active field coil; and 

(ii) applying said driving signal to said active 
field coil. 

13. A method for detecting the position of a rotor with 
respect to a plurality of field coils in a polyphase 
brushless motor, comprising the steps of: 

(a) continuously injecting at least a predeter- 
mined nominal exciting current into each of 
said plurality of field coils; 

(b) continuously monitoring the current wave- 
form for each of said plurality of field coils dur- 
ing said step of continuously injecting; 

(c) continuously differentiating said current 
waveform for each of said plurality of field coils 
to define a current rate of change waveform for 
each of said plurality of field coils; and 

(d) comparing the magnitude of at least two of 
said current rate of change waveforms to one 
another to produce an absolute reference 
indicative of the position of said rotor within 
said motor. 

14. The method as set forth in claim 13 and further 
wherein said step (b) comprises the steps of: 
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(i) providing current sensing means associated 
with each of said plurality of field coils; and 

(ii) sensing said current waveform of each of 
said plurality of field coils during step (a). 

115. The method as set forth in claim 13 and further 
wherein said step (c) comprises the steps of: 

(i) providing differentiation means associated 
with each of said current sensing means; 

(ii) differentiating said current waveform of 
each of said plurality of field coils to define a 
current rate of change waveform for. each of 
said plurality of field coils. 

16. The method as set forth in claim 13 and further, 
wherein said step (d) comprises the further steps 

of: 

(i) providing comparator means associated 
with at least two of said plurality of differentia- 
tion means; 

(ii) comparing together the magnitude of said 
current rate of change waveform of each of 
said at least two of said plurality of differentia- 
tion means. 

17. The method as set forth in claim 16 and further, 
wherein said step (d)(i) comprises the step of pro- 
viding a plurality of comparators associated with at 
least two of said plurality of differentiation means. 

18. The method as set forth in claim 16 and further, 
wherein said step (d)(Q comprises the steps of: 

(a) providing at least two multiplexers having 
inputs coupled to each of said plurality of differ- 
entiation means and an output coupled to a 
comparator; and 

(b) controlling said at least two multiplexers to 
selectively submit two of said plurality of cur- 
rent rate of rate waveforms to said comparator. 

19. A method for determining commutation position 
within a brushless motor having a plurality of stator 
coils disposed about a rotor, comprising the steps 
of: 

(a) applying at least a predetermined nominal 
electric current to each of said plurality of stator 
coils; 

(b) continuously differentiating the electric cur- 
rent flowing within each of said plurality of sta- 
tor coils during step (a) to produce a current 
rate of change waveform for each of said plural- 
ity of stator coils; and 

(c) continuously comparing together at least 
two of said current rate of change waveforms to 



determine an absolute reference indicative of 
the position of said rotor within said motor. 

20. The method set forth in claim 19 and further 
s wherein step (b) comprises the steps of: 

(i) providing current sensing means for sensing 
said electric current within each of said plurality 
of field coils; 

10 (ii) providing differentiation means associated 

with said current sensing means; and 
(iii) differentating said electric current within 
each of said plurality of field coils via said differ- 
entiation means. 

15 

21. The method set forth in daim 19 and further, 
wherein step (c) comprises the substeps of: 

(i) providing comparator means associated 
20 with said differentiation means; 

(ii) comparing at least two of said current rate of 
change waveforms. 

22. The method as set forth in claim 21 and further, 
25 wherein said step (c)(i) comprises the step of pro- 
viding a plurality of comparators associated with 
said differentiation means. 

23. The method as set forth in claim 21 and further, 
30 wherein said step (c)(i) comprises the step of pro- 
viding a comparator, a first multiplexer for selec- 
tively submitting at least one of said plurality of 
current rate of change waveforms to said compara- 
tor, and a second multiplexer for selectively submit- 

35 ting at least one of said plurality of current rate of 
change waveforms to said comparator, and step 
(c)(ii) comprises the step of controlling said first and 
second multiplexers to selectively submit at least 
two of said plurality of current rate of change wave- 

40 forms to said comparator. 

24. An apparatus for controlling the operation of a poly- 
phase brushless motor having rotor and a plurality 
of stator coils, comprising: 

45 

(a) commutation position detection means for 
determining the position of said rotor relative to 
said plurality of stator coils, said commutation 
position detection means including: 

50 

(i) current sensing means for sensing the 
amount of electric current flowing within 
each of said plurality of stator coils; 

(ii) differentiation means for differentiating 
55 said amount of electric current flowing 

within each of said plurality of stator coils; 
and 

(iii) comparator means for comparing 
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together said differentiated electric current 
of at least two of said plurality of stator 
coils to determine an absolute reference 
indicative of a position of said rotor within 
said motor; and 



means and a comparator, said multiplexing means 
for selectively passing said differentiated electric 
current for at least two of said plurality of stator coils 
to said comparator. 
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(b) commutation means for selectively applying 
at least a predetermined nominal electric cur- 
rent to each of said plurality of stator coils and 
selectively applying a driving signal to one or 10 
more of said plurality of stator coils depending 
upon said absolute reference. 

25. The apparatus as set forth in claim 24 and further, 
wherein said comparator means comprises at least is 
two comparators coupled between said differentia- 
tion means and said commutation means. 

26. The apparatus as set forth in claim 24 and further, 
said comparator means comprising multiplexing 20 
means and a comparator, said multiplexing means 

for selectively passing said differentiated electric 
current for at least two of said plurality of stator coils 
to said comparator. 



27. The apparatus as set forth in claim 24 and further, 
said commutation position detection means includ- 
ing sample and hold means disposed between said 
comparator means and said commutation means, 
said sample and hold means for selectively sam- 30 
pling and holding the commutation position signal 
generated by said comparator so as deliberating 
block out the transient-laden portions of said com- 
mutation position signal. 



28. An apparatus for determining commutation position 
within a brushless motor having a rotor and plurality 
of stator coils, comprising: 

(a) current sensing means for sensing the 40 
amount of electric current flowing within each 

of said plurality of stator coils; 

(b) differentiation means for differentiating said 
amount of electric current flowing within each 

of said plurality of stator coils; and 45 

(c) comparator means for comparing together 
said differentiated electric current of at least 
two of said plurality of stator coils to determine 
an absolute reference indicative of a position of 
said rotor within said motor. so 

29. The apparatus as set forth in claim 28 and further, 
wherein said comparator means comprises at least 
two comparators coupled between said differentia- 
tion means and said commutation means. 55 

30. The apparatus as set forth in claim 28 and further, 
said comparator means comprising multiplexing 



25 



35 



14 



EP0 85S 937 A2 



10 



APPLY DRIVING SIGNAL TO 
THE ACTIVE STATOR COIL 



20 



MONITOR THE CURRENT WAVEFORM 
OF THE ACTIVE STATOR COIL 



30 



NORMALIZE THE CURRENT WAVEFORM 
OF THE ACTIVE STATOR COIL 



40 



DIFFERENTIATE THE NORMALIZED 
CURRENT WAVEFORM OF THE ACTIVE 
STATOR COIL 



COMPARE DIFFERENTIATED WAVEFORM WITH 
A PREDETERMINED VOLTAGE THRESHOLD 
TO DETERMINE COMMUTATION POSITION 



50 



60 



SAMPLE AND HOLD TO BLOCK OUT 
TRANSIENT- LADEN PORTIONS OF THE 
ROTOR POSITION SIGNAL 
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COMMUTATE ACTIVE STATOR COILIS ) 
BASED ON COMMUTATION POSITION 
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APPLY DRIVING SIGNAL TO ALL STATOR 
COILS WHILE ROTOR IS STATIONARY 



100 



110 



MONITOR CURRENT WAVEFORM WITHIN 
EACH STATOR COIL 



NORMALIZE CURRENT WAVEFORM 
WITHIN EACH STATOR COIL 



DIFFERENTIATE CURRENT WAVEFORM 
WITHIN EACH STATOR COIL 



COMPARE DIFFERENTIATED WAVEFORMS 
TO PREDETERMINED VOLTAGE THRESHOLD 
TO DETERMINE ACTIVE STATOR COIL(S) 
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SAMPLE AND HOLD TO BLOCK OUT 
TRANSIENT- LADEN PORTIONS OF THE 
ROTOR POSITION SIGNAL 
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APPLY DRIVING SIGNAL TO ACTIVE STATOR 
COIL(S) TO FORCE ROTOR INTO PROPER 
ROTATION 
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INJECT CURRENT 
INTO ALL STATOR COILS 



115 



MONITOR CURRENT WAVEFORM WITHIN 
EACH STATOR COIL 



DIFFERENTIATE CURRENT WAVEFORM 
WITHIN EACH STATOR COIL 
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COMPARE AT LEAST TWO DIFFERENTIATED 
CURRENT WAVEFORMS TO ONE ANOTHER 
TO DETERMINE ABSOLUTE ROTOR POSITION 



SAMPLE AND HOLD TO BLOCK OUT 
TRANSIENT- LADEN PORTIONS OF THE 
ROTOR POSITION SIGNAL 
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COMMUTATE ACTIVE STATOR COIL(S) 
BASED ON ABSOLUTE ROTOR POSITION 
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